Abstract New hyperbranched polymers (HBP) have been synthesized by reaction of a poly(ethylene imine) with phenyl and t-butyl isocyanates. These HBPs have been characterized by 1 H-NMR (nuclear magnetic resonance of hydrogen) and Fourier transform infrared spectroscopy. Their influence on the curing and properties of epoxy-anhydride thermosets has been studied by different techniques: differential scanning calorimetry (DSC), dynamic mechanical analysis (DMA), and thermogravimetry (TG). The curing kinetics has been studied with DSC. Integral isoconversional method and the Šesták-Berggren model have been used to determine the activation energy and the frequency factor. The kinetic parameters are very similar for all the studied systems at the middle stage of the process, but changes are observed at the beginning and at the end of the process when these modifiers are used. The HBPs reduce the glass transition temperature of the cured materials. In addition, from the DMA analysis it can be seen that the HBP modifier obtained from phenyl isocyanate hardly changes the storage modulus, but the obtained ones from t-butyl isocyanate decrease it. TG analysis reveals a decrease in the onset temperature of the degradation process upon addition of the HBPs.
Introduction
Epoxy resins are widely used in applications such as adhesives, coatings, electric laminates, encapsulation of semiconductor devices, matrix material for composites, structural components [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , and cryogenic engineering [13] [14] [15] because of their mechanical properties, adhesion, and chemical resistance.
However, epoxy resins are inherently brittle due to their high cross-link density. To increase their toughness different modifiers such as rubber, thermoplastic and glass particles can be added, but they always limit the processability of the formulation [16] [17] [18] [19] [20] . Hyperbranched polymers (HBP) are a new kind of polymers used as modifiers of epoxy resins to increase their toughness without sacrificing the processing ability of the formulation due to their highly branched dendritic structure, which is a key point in coating applications [9] [10] [11] [21] [22] [23] . HBPs have several advantages as their low viscosity compared with their liner counterparts, the possibility of tailoring their core and branched structures and the functionalization of the end groups so that they can be made compatible with the surrounding matrix [24, 25] . These modifiers can also reduce the shrinkage of the resin during the curing process [26] and the generation of internal stress [9] . HBPs can also maintain the glass transition of the epoxy resin [9] , but in some cases a significant reduction was observed [24] . In previous works of our group, the influence of some HBPs in the thermal curing and the photocuring of diglycidyl ether of bisphenol A (DGEBA) has been studied [27] [28] [29] [30] [31] . Using HBP polyester partially blocked with benzoyl groups as epoxy modifier, a phase-separated morphology, with a part of the HBP segregate into particles, was obtained. The p-p stacking interactions between phenyl groups and the different hydrophilic character of HBP core and terminals groups were the forces that drive the phase separation process. The existence of some hydroxyl terminal groups improved the compatibility with the epoxy matrix due to the formation of covalent linkages and, as a consequence, thermosetting materials with improved flexibility and toughness were obtained [30] . Hyperbranched poly (ethylene imine) polymers were used as reactive polymeric modifiers in epoxy thermosetting systems using a tertiary amine as anionic initiator. These HBPs were able to get incorporated into the network structure by condensation of amine and epoxy groups. The densely branched architecture of PEI and grafting between the condensed epoxyamine and polyether network reduced significantly the network mobility, but a positive effect in terms of impact resistance could be observed [31] .
Taking all of these into account, in the present work three new hyperbranched poly(ethylene imine) polymers with different terminal groups (two of them with different amounts of t-butyl terminal groups and the other one with phenyl terminal groups) have been synthesized. Phenyl and t-butyl groups are introduced to block active amines of poly(ethyleneimine) structure and therefore reduce the extent of covalent linkage between the HBP and the epoxy matrix, with the purpose of promoting phase separation and enhancing impact strength [32] . The synthetic procedure to prepare the polymeric modifiers is quite easy and consists in reacting commercial poly(ethylene imine) with the corresponding isocyanate in acetonitrile solution at room temperature. The obtained HBPs have been characterized by 1 H-NMR (proton nuclear magnetic resonance) and Fourier transform infrared spectroscopy (FTIR). The influence of these new HBPs on the thermal curing of an epoxy-anhydride system has been studied. The kinetics of the thermal curing has been analyzed using isoconversional methods. The effect of these HBPs over the storage modulus, and the thermal degradation has also been studied.
Experimental Materials
Diglycidyl ether of bisphenol A (DGEBA) with an epoxy equivalent of 187 g ee -1 (EPIKOTE 828, Herion Specialty Chemicals B. V.) was dried in vacuum before use. Hexahydro-4-methylphthalic anhydride of 186.19 g eq -1
(Aldrich) was used as hardener, and N,N-dimethylbenzylamine (DMBA) (Aldrich) was used as catalyst.
Poly(ethylene imine) (PEI) (Lupasol Ò FG, 800 g/mol, BASF) (see Fig. 1a ) was donated by the producer and used after drying under vacuum. From the molar mass of the polymer and of the repeating unit, an average degree of polymerization of 18.6 was calculated. According to the data sheet, the relationship (NH 2 /NH/N) was (1/0.82/0.53) and thus by calculations the equivalent number of primary, secondary and tertiary amines resulted to be 0.010, 0.00837, and 0.0053 eq g -1 . Phenyl isocyanate and tertbutyl isocyanate were purchased from Sigma-Aldrich and used as received. Acetonitrile (ACN) was dried and distilled under CaH 2 before used.
Modification of poly(ethylene imine) with phenyl isocyanate (PEI-PhNCO) (Scheme 1)
The modification of PEI with the selected isocyanate was performed according to a general reported procedure [33] . The synthesis of PEI-PhNCO was performed by solving 3.24 g (58.3 meq of -NH) of PEI in 20 mL of acetonitrile in a three-necked flask magnetically stirred. The solution was brought to 0°C, and phenyl isocyanate (6.95 g, 58.3 mmol) was added drop-wise. Once the addition was finished, the mixture was left at room temperature overnight. The solvent was eliminated in the rotary evaporator, and the white powder obtained was dried in vacuum overnight. In Scheme 1, the reaction between PEI and phenyl isocyanate is shown.
PEI-PhNCO 1 H-NMR (400 MHz, CDCl 3 ), d (ppm): 7.7-6.7 (H ar , i-l), 3.5-1.6 (-CH 2 -NHCO-, g, -CH 2 -N(CH 2 )CO-, f), and PEI (-NH-CH 2 CH 2 -NH-, e) (see Fig. 1b ).
Modification of poly(ethylene imine) with t-butyl isocyanate (PEI-t-butylNCO)
The synthetic procedure was similar to that used in the previous description, but two different quantities of t-butyl isocyanate were employed: 5.78 g (58.3 mmol) to reach a 100 % of modification (from now on PEI-BuNCO100) and 4.33 g (43.68 mmol) to reach a modification degree of 75 % (from now on PEI-BuNCO75).
PEI-BuNCO100 1 H-NMR (400 MHz, CDCl 3 ), d (ppm): 3.5-1.6 (-CH 2 -NHCO-, g, -CH 2 -N(CH 2 )CO-, f) and PEI (-NH-CH 2 CH 2 -NH-, c-e) and 1.3 (CH 3 of t-butyl groups) (see Fig. 1c ).
Average molar mass and thermal data of all the modified HBPs obtained are collected in Table 1 .
Preparation of curing formulations
First, the desired quantities of DGEBA and solid HBP were mixed, heated using a hot air blower, and vigorously Thermal curing of an epoxy-anhydride system modified with hyperbranched poly(ethylene imine)s… 647 stirred. When this mixture reached room temperature, the anhydride (in a stoichiometric proportion with respect to DGEBA) and 1 phr of the tertiary amine (one part per hundred of DGEBA and anhydride mixture) were added. Immediately after, the mixture obtained was introduced in a vacuum oven to completely remove bubbles of air. The proportion of the different HBPs used was 5 and 10 %. The prepared mixtures were kept at -18°C to prevent polymerization and used subsequently in the corresponding studies.
Nuclear magnetic resonance of hydrogen 1 H-NMR measurements were carried out at 400 MHz and in a Varian Gemini 400 spectrometer. CDCl 3 was used as the solvent. For internal calibration, the middle solvent signal corresponding to CDCl 3 was taken as d
Fourier transform infrared spectroscopy FTIR spectrometer FTIR-680PLUS from Jasco with a resolution of 4 cm -1 in the absorbance mode was used to confirm that the reaction of isocyanate with polyethyleneimine was completed. This device was equipped with an attenuated-total-reflection accessory with thermal control and a diamond crystal (Golden Gate heated single reflection diamond ATR, Specac Teknokroma).
Differential scanning calorimetry
The kinetics of the thermal curing were evaluated by DSC analysis (differential scanning calorimetry, Mettler DSC822e calorimeter) from 0 to 300°C at different heating rates (2.5, 5, 7.5, 10, and 15°C min -1 ). The samples cured at 10°C min -1 were used to determine the maximum glass transition temperature reached in a second scan from 0 to 300°C at 10°C min -1 .
Dynamic mechanical analysis
To prepare the specimens, the mixtures were completely cured in a rectangular mold, first at 100°C for 2 h and then at 150°C for 1 h. Before curing, PEI-PhNCO was completely solubilized in the epoxy matrix, but PEI-BuNCO75 and PEI-BuNCO100 were not. After the heating and curing, all the modifiers are apparently solubilized in the epoxy matrix. The materials obtained were homogeneous and transparent to the naked eye. The dimensions of the specimens were 20 9 11 9 2 mm 3 , approximately. The samples were tested in a DMA (dynamic mechanical analysis, TA instruments Q800) from -120 to 220°C at 3°C min -1 using the 3-point bending mode, with an amplitude of 10 lm and a frequency of 1 Hz.
Thermogravimetric analysis
Small specimens (8-10 mg) of the completely cured samples (following the procedure described above for the DMA analysis) were analyzed from 30 to 800°C at 10°C min -1 in a thermobalance (Mettler TGA/DSC1) in nitrogen atmosphere (60 cm 3 min -1 ) to study the degradation process. Only the neat epoxy resin and the ones with 10 % of the different HBPs were analyzed.
Theory
In the thermal curing studied, the degree of conversion is defined as:
where Dh T is the heat released up to a temperature T and Dh dyn is the total reaction heat released during the curing. The kinetics of this curing has been analyzed by means of an integral isoconversional method, using the KissingerAkahira-Sunose equation [34] :
where b is the heating rate, R is the gas constant and at a determined value of degree of conversion, T a is the temperature attained, A a is the frequency factor, E a is the activation energy and g(a) is the following integral obtained from a function of the degree of conversion f(a):
The activation energy at a given conversion can be obtained from the slope of the representation of ln (b/T a 2 ) versus the reciprocal of the temperature [see Eq. (2)]. Providing the kinetic model is known; the frequency factor can also be determined from the intercept at the origin. This analysis can be repeated at different degrees of conversion throughout the curing process.
Results and discussion

Characterization of the obtained HBPs
Commercially available hyperbranched poly(ethylene imine) (PEI, Lupasol Ò FG) contains primary, secondary, and tertiary amine functional groups. From the degree of polymerization of PEI and the molar ratio of primary, secondary, and tertiary amines, we calculated the average number of active groups per molecule, NH and NH 2 , which resulted to be 6.4 secondary amines and 7.9 primary amines in average per molecule. From this number and the desired degree of modification, the quantity of phenyl and t-butyl isocyanates was calculated, taking into account that primary and secondary amines react with an only isocyanate group to form the corresponding urea. The reaction was performed by reacting the isocyanates with the PEI at low temperature using ACN as solvent (see Scheme 1) .
By FTIR analysis, we could confirm that the desired modification was achieved due to the complete disappearance of the isocyanate band at 2271 cm -1 and the new urea groups formed that gives absorptions at 3321 cm -1 (N-H st) and at 1623 cm -1 (C=O st). To evaluate the real degree of modification, 1 H-NMR spectra were registered (Fig. 1b, c) . In the PEI-PhNCO spectrum, it can be observed the aromatic protons introduced in the 6.8-7.8 ppm (i, j, k, l) and the total absence of NH protons. In the case of PEI-BuNCO100, the signal (h) due to the methyl protons of the t-butyl groups allows the calculation of the degree of modification. The signals corresponding to the protons of the PEI structure shift because of the transformation of amines into urea groups.
The complete absence of amine protons (a ? b signals) in the spectrum of PEI-PhNCO indicates that a 100 % of modification was reached. For the PEI-BuNCO polymers, the degree of modification was calculated by 1 H-NMR, following a previously reported method [35] . From the integration of the signals coming from the methyl groups and the PEI structure, we determined the ratio of urea formed by amine moiety according the following equation:
where I(h) is the integration of methyl protons of butyl groups and I(c ? d ? e ? f ? g) is the total integration of the protons coming from the PEI structure. From x and the values of the primary amine end groups (T), secondary amine linear units (L), and tertiary amine branched units (D), it is possible to calculate the degree of amidation (DA) by using the following equation:
A complete and 74 % of modification were achieved in PEI-BuNCO HBPs. Primary amines are mainly located in the periphery, whereas secondary amines are in the middle of the spheroid-like structure. Because of the steric hindrance of the secondary amines and the higher nucleophilicity of primary amines, the latter should be much more reactive than the secondary ones and then most unreacted amines in PEI-BuNCO75 should be secondary, and therefore less active on further reaction in epoxy curing. In Table 1 , the degree of modification achieved and the average molar mass calculated are collected. The initial decomposition temperature (T 5% ) was evaluated to confirm that during the curing process the PEI modifiers were enough stable to be cured without breakage of urea groups. Figures 2, 3, and 4 show the DSC scans at 10°C min -1 of the epoxy system modified with different proportions of the HBPs used (in the insets, degree of conversion versus temperature). PEI-BuNCO100 (Fig. 2) hardly modifies the thermal curing, but PEI-BuNCO75 (Fig. 3) and PEIPhNCO (Fig. 4) accelerate and decelerate the thermal curing, respectively. In PEI-BuNCO75, there are some remaining amine groups that facilitate the opening of the epoxy ring increasing the reaction rate. PEI-PhNCO is the only modifier completely solubilized in the epoxy resin before the beginning of the thermal curing and it has a dilution effect on the reaction rate. Moreover, the high molar mass of PEI-PhNCO and the rigidity of phenyl groups hinder the mobility of the reactive species, decelerating the curing specially at lower temperatures [36] . To analyze the kinetics of the process, an integral isoconversional method is used as it has been commented in the theoretical part. To find the frequency factor, modelfitting method and the Š esták-Berggren equation (f(a) = a m (1 -a) n ) [34] have been used with m ? n = 2 [37] . With this condition, the following expression for g(a) is obtained:
Thermal curing
This kinetic model has been selected since that the curing of epoxy-anhydride has been satisfactorily modeled in previous works [37] [38] [39] . As it can be seen in Table 2 , the values of the parameters m and n are similar for the studied systems, an indication of the fact that the curing mechanism is not significantly affected by the presence of the star HBP modifier. Only the autocatalytic parameter m slightly decreases when a 10 % of PEI-PhNCO is added, probably due to the restrictions imposed by the modifier to the mobility of the reactive species. Table 3 shows the values of the activation energy and the frequency factor for all the studied systems obtained using Eq. (2) for some degrees of conversion. The values of the activation energy and the frequency factor are very similar for all the studied systems at the middle stage of the process. At the beginning, these parameters decrease on increasing the proportion of modifier and at the end, they increase with the modifier proportion, but these differences are small and they are not significant. This can be explained by uncertainties in the determination of the baseline and in consequence of the measurement of the reaction heat at the beginning and the end of the curing process. In many reactions, due to the compensation effect between the activation energy and the frequency factor [40] , the activation energy does not reflect exactly the reaction rate and it is better to discuss the rate constants.
In Table 4 , the values of the rate constant at 150°C and a = 0.5 are indicated. These values have been found using the Arrhenius equation (k = A exp(-E/RT)) and the values of the activation energy and the frequency factor of Table 3 . These rate constants are in agreement with the results shown in Figs. 2 to 4: PEI-BuNCO100 hardly modifies the thermal curing (the rate constants are practically the same than that of the neat system), PEI-BuNCO75 accelerates it (the rate constant increases with the modifier proportion), and PEI-PhNCO decelerates it (the rate constant decreases increasing the modifier proportion). Equivalent results have been obtained in all range of conversions. The acceleration observed on adding PEIBuNCO75 could be attributed to the effect of unreacted NH groups in the modifier structure, which can react with epoxides and anhydrides because of their nucleophilic character. The deceleration observed can be explained on the basis of the dilution effect of reactive groups and the increase in viscosity on adding the PEI modifier.
In Table 4 , the values of the ultimate glass transition temperature are also indicated. All the HBPs produce a decrease in the glass transition temperature, indicating that they are solubilized in the epoxy matrix acting as plasticizers. The flexible PEI structure can also account for the lowering of T g? . PEI-BuNCO75 is the modifier that decreases more this magnitude, but PEI-BuNCO100 is the modifier that decreases less it. It should be considered that the introduction of a modifier with reactive groups affects the stoichiometry of the formulation: since the epoxide and anhydride groups were maintained at stoichiometric proportions, the addition of PEI-BuNCO75 can leave some groups unreacted and a more open structure of the thermosetting network. Moreover, the covalent linkages between PEI-BuNCO75 and matrix can produce a more expanded structure with a lower amount of cross-link points per unit mass. As it can be seen in Table 4 , the introduction of HBP slightly decreases the reaction heat, possibly because of the topological restrictions leading to incomplete curing and, in consequence, to a lower crosslinking density.
Dynamic mechanical analysis
Figures 5-7 show the DMA experiments of the materials prepared. The presence of PEI-BuNCO75 and PEIBuNCO100 in the material decreases the storage modulus (E 0 ) before the glass transition, but the addition of PEIPhNCO hardly changes it. After glass transition, all the modifiers decrease E 0 , especially PEI-BuNCO75. As stated above, the chemical incorporation of PEI-BuNCO75 into the matrix reduces the cross-linking density. All modifiers decrease the glass transition temperature (temperature of the tan d peak). This result is in agreement with the trend observed in the values of the ultimate grass transition temperature obtained by DSC and agrees with the flexibilizing effect exerted by the modifiers on the matrix.
In the insets of these Figures, an enlargement of tan d at low temperatures is shown. These peaks correspond to the b transition and increasing the modifier proportion, their temperature decreases, according to the fact that the HBP act as an internal plasticizer. Thermal curing of an epoxy-anhydride system modified with hyperbranched poly(ethylene imine)s… 651
In all the studied systems, there is only one glass transition and only b transition. Then, all the cured materials are homogeneous with apparently only one phase or else is present to a very limited extent and not detectable by DMA.
Thermogravimetric analysis
In Fig. 8 , the thermal degradation process of the neat epoxy resin and the modified thermosets with 10 % of the different HBPs is shown. The curves of this Figure are obtained subtracting a blank one to the corresponding to the samples. With the addition of the modifiers, the onset temperature of the degradation decreases, but this onset temperature is still greater than the curing temperature (150°C). This decrease is due to the decomposition of the urea groups of the modifier in a isocyanate group and the corresponding amine and of the poly(ethylene imine) at lower temperatures than the epoxy/anhydride matrix [41] . Tentatively, and according to the T 5% values of the neat HBPs (Table 1) , it can be considered that the thermal degradation of the cured materials starts by the decomposition and volatilization of the modifier, followed by the degradation of the epoxy/anhydride matrix at higher temperatures. In Fig. 8 , it is shown that at the first part of the decomposition process, the decrease in mass is approximately 10 %, the same as the proportion of modifier in the formulation.
Conclusions
The reaction between poly(ethylene imine) and two different isocyanates is a practical method to obtain new hyperbranched polymers with blocked amino groups. Using 1 H-NMR, their structures have been elucidated. The kinetics of curing has been correctly established using an integral isoconversional procedure and a modelfitting method and well fitted using an autocatalytic model. The addition of these novel HBPs synthesized to epoxy/ anhydride systems, in the presence of a tertiary amine as catalyst, barely modified the curing rate, which is controlled primarily by the mobility and concentration of the reactive species.
The addition of modified PEIs with phenyl and t-butyl terminal groups to epoxy/anhydride formulations allows obtaining thermosets with improved flexibility, due to the plasticizing influence of HBPs, with a slight reduction in glass transition temperature and cross-linking density and without affecting negatively processability. The final properties of the material obtained depend on the amount and type of modifier used.
